ABSTRACT
Progesterone is the only steroid hormone that is essential for the establishment and maintenance of pregnancy in all mammalian species that have been studied. Mice lacking the progesterone receptor (PR) by targeted mutagenesis exhibit abnormalities in all aspects of reproduction including sexual behavior, mammary gland development, ovulation, and implantation. Implantation in PR null mice fails, in part, because the uterine stromal cells cannot undergo differentiation (the decidual cell reaction). Uterine stromal cells do not divide without progesterone and proliferation is blocked by progesterone antibodies and PR antagonism. In spite of the preeminence of progesterone in female reproduction, its molecular mechanisms of action on target cell proliferation and differentiation are not well understood. Recent studies suggest that progesterone plays a direct role in regulating cell cycle transit by increasing the expression and activation of cell cycle regulatory complexes. Furthermore, this progesterone-dependent regulation of cell cycle transit may provide a unique window of opportunity for uterine stromal cells to exit the proliferative cycle, and if exposed to appropriate agents, enter into the differentiation pathway.
INTRODUCTION
The growth and function of any tissue is dependent on regulated proliferation and differentiation of its cellular components. Within endocrine target tissues of the reproductive tract, hormones exert specific temporal, spatial and interactive effects. Estrogens are associated generally with cell proliferation in uterine and breast tissues, while progesterone is considered more as the hormone promoting cellular differentiation in these organs. However, progesterone is a potent mitogen for stromal cells in the uterus and the lobuloalveolar cells in the mammary gland (1). The preeminence of progesterone in female reproduction has been highlighted by recent studies from mice lacking the progesterone receptor (PR) by targeted mutagenesis (2) . The PR "knockout" mouse exhibits abnormalities in all aspects of reproduction including sexual behavior, mammary gland development, ovulation and implantation (2) . Progesterone is the only steroid that is essential for the establishment of pregnancy in all mammalian species studied (3), but its mechanisms of action on target cells are poorly understood. The function of progesterone as a proliferative hormone has been difficult to assess because in most target tissues the levels of PR are regulated by estrogen (4) . Many systems therefore require the addition of estrogen, progesterone and growth factors for cell proliferation, confounding elucidation of the role of progesterone action alone in the cell cycle. Moreover, progesterone serves dual functions in target cells stimulating both proliferation and differentiation. In spite of these complexities, it is imperative that the molecular mechanisms of progesterone action on target cells be elucidated since PR deficient mice unexpectedly revealed that progesterone regulates a wider range of reproductive functions than previously suspected (2).
CELL PROLIFERATION
The process by which cells replicate their DNA, segregate their chromosomes and divide forming two daughter cells is collectively referred to as cell proliferation. Most rapidly dividing mammalian cells have a cell cycle that lasts approximately 24 hours. By convention (5), the cell cycle has been subdivided into four distinct phases. DNA replication occurs during S phase while mitosis, lasting only about 30 minutes, is when actual segregation of the chromosomes takes place. Cell growth and mitosis are separated by a two gap interphases called gap 1 (G1) and gap 2 (G2). The regulatory points that control orderly progression through the cell cycle occur primarily during G1 and G2 phases.
Cell Cycle
Mammalian cells use a small family of related cyclin and cyclin dependent kinases (Cdks) to regulate progression through the cell cycle (6, 7) . Cell cycle transit involves the temporal and sequential activation of a number of genes, as well as the inactivation of a series of crucial checkpoints. Formation of active cyclin-Cdk complexes affects both basal and activated transcription of genes necessary for cell cycle progression (8) . Three different mechanisms that control cell cycle progression have been wellcharacterized: (i) the timing of synthesis and proteolysis of cyclin subunits; (ii) the presence or absence of Cdk inhibitors; (iii) the modulation of the kinase activity of the Cdk partner through phosphorylation/dephosphorylation modifications. As cells progress through the cell cycle, phosphoproteins undergo ubiquitin mediated degradation (9, 10) . Degradation of specific proteins is essential for entry into S phase, separation of sister chromatids and exit from mitosis. The importance of this pathway as a regulatory mechanism is suggested from data base searches that revealed the F-Box motif, which is a tag for ubiquitylated proteolysis by the protein SKP1, is present in over 40 different proteins (10) . Each phase of the cell cycle is dependent on events in the preceding phase and complex feedback control mechanisms exist to ensure orderly transit from one phase to the next. Regulation of feedback controls is still not well understood at the molecular level and even less is known about how cells can monitor processes like DNA replication and DNA damage. However, it is the integration of positive and negative regulators, and the means by which they control cell cycle progression, that determines the sequence of molecular events that link cell cycle exit with the selection of the differentiation pathway. It therefore seems essential to study cellular differentiation in the context of cell cycle regulation.
Cyclins
Cyclins are a related group of proteins that function during G1 phase of the cell cycle (cyclins D and E) or during the G2 to M transition such as cyclins A and B. Cyclin-Cdk complexes are heterodimeric proteins composed of two subunits. The first subunit is a cyclin protein that regulates substrate specificity. The concentration of each respective cyclin oscillates in phase with the cell cycle so that the peak expression of a given cyclin corresponds to the specific cell-cycle phase in which it functions (11-13). The current model for the action of growth factors during G1 phase of the cell cycle predicts that cyclin D and cyclin E levels increase resulting in the formation of different cyclin-Cdk complexes that drive cells through the restriction point of G1 into DNA replication. Once DNA replication is complete, all eukaryotic cells are stimulated to undergo cell division in response to maturation promoting factor (MPF), more broadly called mitosis promoting factor (12) . MPF is a dimeric protein containing cyclin B (the regulatory subunit), and a catalytic subunit Cdk1, also referred to as Cdc2 from its homolog in yeast (12, 13) . MPF activity is controlled by the assembly of the cyclin B-Cdk 1 complex, activation by phosphorylation and dephosphorylation modifications and the translocation of the complex from the cytoplasm into the nucleus.
Cyclin Dependent Kinases
Binding of cyclin to the Cdk is necessary but not always sufficient for full activation of the complex (14) . For full kinase activity, the Cdk is usually phosphorylated on the threonine residue adjacent to the kinase active site by a kinase called Cdk-activating kinase (CAK). The activity of CAK is usually present at high levels throughout the cell cycle but the activating phosphorylation occurs only after the binding of cyclin. In multicellular eukaryotes there are two primary Cdks that function in S phase (Cdk2), and M phase (Cdk1), respectively. Mammalian cells also contain Cdk4 and Cdk6 that function during G1 phase of the cell cycle. Interestingly, assembly of cyclin D and Cdk4/6 into high affinity binding complexes does not occur in the absence of other factors. It was surprising when the other factors that promoted stable complex assembly turned out to be CKIs that associate with complex but do not destroy its catalytic activity.
Cyclin Dependent Kinase Inhibitors
Two types of CKIs are candidates for suppressing cyclin-Cdk activity during G1or at the G1-S boundary. First, are the cyclin D-Cdk4/6 specific inhibitors of which p16
Ink4 is the prototype (15, 16) . Second, is the family of inhibitors containing the p21 and p27 prototypes that act on a broader range of substrates (17,18), and have been shown to increase in response to progesterone in breast cancer cell lines (19, 20) . Of the many CKIs that have been isolated, to date only p57 has been shown to be required for early development (21,22). The absence of functional p57 resulted in an embryonic lethal and the tissues in those mice failed to differentiate normally. Mice lacking other CKIs by targeted mutagenesis, such as p27, showed proliferative disorders in most organs of adult animals. However, the p27 null mice undergo apparently normal embryonic and fetal development.
SEX STEROIDS AND UTERINE CELL PROLIFERATION
One of the major functions of sex steroids in target organs is to stimulate cell proliferation and differentiation. In the endometrium of female mammals, sex steroids prepare the maternal endometrium for implantation of the embryo. The uterus does not normally constitute a receptive environment for the embryo until a precise sequence of changes takes place in response to the female sex steroids estrogen and progesterone. In rodents these changes involve proliferation of luminal and glandular epithelial cells under the influence of pro-estrus estrogen at days 2 and 3 post coitum (23). With the development of the corpus luteum following ovulation, and the resulting rise in circulating progesterone at day 4 of pregnancy, cell division switches from the luminal and glandular epithelium to the endometrial stroma (23-27). It is the action of ovarian hormones on the uterus followed by a stimulus from the implanting blastocyst that stimulates the proliferation and the subsequent differentiation of these cells to form the decidua (28). Decidualization occurs in many mammals, including the human female (29), and the differentiated stromal cells ultimately form the maternal part of the placenta. Unlike the process in rodents, decidualization of the stroma in the human female does not require the stimulus of an embryo and instead it occurs spontaneously in response to sex hormones.
Stromal cells in mice and rats do not divide without progesterone, and proliferation is blocked by progesterone antibodies and progesterone receptor (PR) antagonists (30,31). Progesterone is required to stimulate the proliferation of cultured human (32) and rat (33) (34) (35) (36) endometrial stromal cells, while the PR antagonist RU 486 blocks the proliferative response in human (37, 38) and rat (34) stromal cells in vitro. Progesterone alone is not sufficient to stimulate proliferation since cultured stromal cells also need growth factors (32) (33) (34) (35) (36) . Sex steroids including progesterone and estrogen act on target tissues by stimulating or repressing the transcription of specific genes whose products alter cell function. Ligand bound steroid hormone receptors interact with defined hormone response elements along the DNA of target genes and change the rates of transcription (39, 40) . While it is clear that hormonal control of proliferation can be mediated, in part, by controlling the expression of a variety of growth factors and/or growth factor receptors (41), recent evidence from breast cancer (41, 42) and uterine stromal cell (36) studies show direct regulation of cell cycle genes by progesterone.
In rat uterine stromal (36) and breast cancer (43) cell lines progesterone increases the expression of cyclin D1 which accelerates passage of cells through G1 and increases the proportion of cells engaged in cell cycle transit. Progesterone transiently stimulates transcription of c-myc in breast cancer and uterine cells and this stimulation is reversed by the progesterone receptor antagonist RU 486 (41) . A progesterone response like element (PRE-like) is located in the 5'-flank of the human c-myc gene that confers progesterone responsiveness when coupled with a c-myc promoter-CAT reporter construct (44) . Evidence thus exists for progesterone-regulated transcription of cell cycle genes although the molecular mechanisms are not known (36, 42) . Other progesterone controlled cell cycle regulators include the MPF complex that is utilized by mammalian cells to phosphorylate substrates that function in mitosis. Progesterone stimulates the activation of MPF in the immature frog egg through a complex signal transduction pathway (45, 46) resulting in the resumption of the first meiotic division.
Since progesterone is known to also inhibit cell proliferation clues regarding the mechanisms invovled in its dual function have been obtained primarily from breast cancer cell studies. Progesterone mediated inhibition of breast cancer cell entry into S phase is preceded by decreased Cdk4 activity and cyclin E-Cdk2 activity (47), suggesting progesterone-dependent inhibition occurs from inhibitory proteins with broad substrate specificity. Inhibitory actions arise from the binding of distinct proteins including the specific inhibitors p21, p27 and p57 to cyclinCdk complexes (48) . At low concentrations of p21, assembly of active cyclin D-Cdk4 complexes occurs. As the concentration of p21 increases, activation of the cyclin D-Cdk4 complex is inhibited. Other inhibitors such as p15, p16, p18 and p19 interact with the kinase subunit alone (48) . The action of progesterone as a growth inhibitor in breast cancer cell lines correlates with increased expression of both p21and p27 (19,20,47). Progress in understanding progesterone action in target cells has been complicated by the fact that progesterone exerts dual functions in target cells stimulating both proliferation and growth inhibition within the same cell type. In order to understand the complexity of progesterone action, it therefore may be necessary to identify and characterize co-regulatory proteins that impart subtle changes in specificity to the function of the PR.
Uterine Epithelium
The epithelial cells of the glandular and luminal epithelium proliferate during the first few days of pregnancy (25) prior to increased progesterone secretion from the newly formed corpus luteum (49) . We have shown (24) that at day 3 of pregnancy in the rat, the expression of PR in the luminal epithelium is heterogenous while all of the glandular epithelial cells are positive. By day 4 of pregnancy, the time corresponding to the proliferative switch from epithelial to stromal compartments, PR was homogeneously expressed throughout the epithelium (24). Moreover, administration of the PR antagonist RU486 resulted in epithelial hypertrophy and continued proliferation in the absence of progesterone action (24). Consistent with our observations, a single injection of estrogen to ovariectomized mice will induce a wave of epithelial cell proliferation (50) while progesterone inhibits the estrogen-dependent response (51) indicating that estrogen alone stimulates epithelial cell proliferation while progesterone suppresses the estrogendependent response. More recently in a very elegant set of experiments, Tong & Pollard (52) showed that the stimulation of epithelial cell proliferation by estrogen is mediated by the estrogen-dependent translocation of cyclin D1 from the cytosol into the nucleus within 2 h of estrogen administration.
Progesterone inhibited epithelial cell proliferation because it blocked the translocation of cyclin D1 from the cytosol into the nucleus. When mice were pretreated with progesterone, the estrogen-dependent translocation of cyclin D1 was suppressed and the subsequent phosphorylation of pRB and p107 that is necessary for G1 transit did not take place.
Uterine Stroma
Cell cycle regulatory molecules are responsive to both estrogen and progesterone action in the uterine stroma. In ovariectomized rats there is a time dependent increase in the uterine expression of the D-type cyclins and cdk 4, 5 and 6 mRNA in response to estrogen (53) . Localization studies of the D type cyclins and p27 showed a cell specific increase of p27 in the uterine stroma of ovariectomized rats in response to estrogen (54) . The lack of stromal cell proliferation in response to estrogen was postulated to be the result of increased p27 expression in these cells. Expression of cyclins and Cdks correlated with ER and PR positive cells in the human uterine stroma and glandular epithelium (55) . Progesterone increased p27 expression in normal human glandular epithelium and endometrial carcinoma cell lines (55) .
Previous studies in our laboratory showed rat stromal cells express cyclins D1 and D3 (56) in vitro, while others (57) have detected transcripts for cyclins D1 and D3 in the mouse uterus. We were unable to detect cyclin D2 in proliferating rat uterine stromal cells (56) . Taken together, the data suggest that sex steroids regulate cell cycle progression in target cells, at least in part, by increasing the cell specific expression of cell cycle regulators. The future challenge is to not only identify the role for steroids in the formation and activation of cyclin-Cdk complexes, but also to discern the mechanisms by which sex steroid promote cell cycle exit and entry into the differentiation pathway.
Research in our laboratory is focused on the mechanisms of progesterone action on rat uterine stromal cell proliferation and differentiation (58) (59) (60) (61) (62) . Specifically, we are characterizing the normal transit of stromal cells through the cell cycle and we are asking how cell cycle control is altered when cells select the differentiation pathway. A large number of growth factors have been implicated in the hormonal control of endometrial cell proliferation (reviewed in 63). We postulate that many growth factors, particularly those with tyrosine kinase activity can, in conjunction with appropriate hormonal stimulation, serve as co-regulators of uterine cell proliferation. Our initial studies focused on the spatial distribution of basic fibroblast growth factor (FGF) expression during the proliferative switch from epithelial to stromal cell proliferation in pregnant rats (24,58). We reasoned that if FGF is involved in stromal cell proliferation then inhibition of stromal cell division should alter FGF expression. Stromal cell proliferation was inhibited significantly (p < 0.05) in rats treated with PR antagonist (24). Importantly, that study showed that without active PR stromal cell FGF content is lost and cell division is suppressed. In contrast, expression of FGF in luminal and glandular epithelial cells was unaffected by PR antagonism indicating that repression of PR function in early pregnancy results in a cell-specific loss of FGF and inhibition of stromal but not epithelial proliferation.
Since FGF was evident in the uterine stromal cell extracellular matrix of pregnant rats, we measured the amount of FGF mRNA at days 2-4 of pregnancy using RNase protection (60) . FGF transcripts were detected at each of the 3 days of pregnancy suggesting that the protein we identified in cells at these same times (58) could arise from newly synthesized FGF and not strictly from the uptake of extracellular stores. Steady-state FGF mRNA levels are controlled by sex steroids in the endometrium. Estrogen increased FGF mRNA 8.5-fold over that in control ovariectomized rats, while progesterone significantly (p < 0.05, approximately 27-fold) increased mRNA levels over the amount measured in ovariectomized controls (60) .
In order for FGF to exert biological effects, FGF receptors (FGFRs) must be present in stromal cell membranes. We localized FGFR1 to stromal cell nuclei at days 4-6 of pregnancy (59) . In contrast, immunoreactivity was limited to the cytoplasm in both glandular and luminal epithelial cells. Binding assays using 125 I-FGF and uterine membrane proteins from day 4 pregnant rats confirmed that uterine FGFR1 binds FGF with high affinity (k d ~ 1 nM) and specificity (59) . Taken together, these results implicate FGF and progesterone as co-regulators of uterine stromal cell proliferation in the rat.
While such in vivo analysis is important to establish key regulatory molecules in pregnant animals, in order to study the mechanisms involved in progesterone control of cell proliferation and differentiation it was important to develop an in vitro system where cells were regulated appropriately by progesterone and estrogen. We have now isolated and characterized three separate rat uterine stromal cell lines (34) (35) (36) . The proliferative response of quiescent stromal cells to progesterone and (34) and grown to confluence. Total RNA was isolated and reverse transcribed in cDNAs. Nested polymerase chain amplification (PCR) was used to amplify ER-alpha and ER-beta using primers and methods described in detail elsewhere (82) . The amplified products were separated on 2% (wt/vol) agarose gels stained with ethidium bromide. FGF were tested by the MTT assay to measure proliferation (34) , flow cytometry to assess cell cycle progression (35) , and entry into S phase using 3 H thymidine incorporation (35, 36) . The response among different cell isolates (UI-UIII) and cells at different passages (between 4 and 30) is similar. These cells fulfill 2 essential criteria for use as a model system to tease out the mechanisms of steroid hormone action on the stroma. First, as originally reported by Cohen et al (33) , and now confirmed in our laboratory (34) (35) (36) , isolated stromal cells retain an absolute requirement for progesterone to proliferate as do stromal cells in vivo. Second, the response of uterine stromal cells to progesterone and FGF is consistent and repeatable. While non-transformed lines of rat uterine cells exist (64) , those cells contain a temperature sensitive mutant of the SV40 large T antigen. Uterine stromal cell lines (34) (35) (36) provide a system free of foreign DNA as an essential model to study endocrine-dependent cell cycle control and differentiation mechanisms.
Stromal cells proliferating in response to progesterone and FGF expressed the A and B forms of PR (34) and at least one of the receptors for FGF (FGFR1, 59). In addition, progesterone was the only hormone tested that stimulated proliferation significantly (p < 0.01). Addition of the PR antagonist RU 486 at 10-fold molar excess reduced significantly (p < 0.01) the proliferative response while at equimolar concentrations of hormone and RU 486, the PR antagonism was overcome suggesting that RU 486 exerts cytostatic rather than cytotoxic action in vitro. Suramin (500 ΦM), which blocks FGF binding to FGFR, inhibited stromal cell proliferation. We were surprised that estrogen alone did not stimulate proliferation. However, that earlier study (34) showed that estrogen potentiated the proliferative response in the presence of progesterone, but the differences were not statistically significant. We have subsequently determined that under normal growth conditions, uterine stromal cell lines express estrogen receptor (ER)-alpha but not ER-beta transcripts (Figure 1) . To verify authenticity of ER-alpha, the PCR product was eluted form the gel and subcloned into the pGem T vector (Promega). Three independent clones were sequenced and all 3 had identical sequence to ER-alpha (data not shown).
Recently we have obtained some of the first clues regarding the mechanisms involved in progesteronedependent control of uterine stromal cell proliferation (36) . We investigated specific progesterone-dependent control of G1 phase after quiescent stromal cells were stimulated to re-enter the cell cycle by adding serum-free medium containing medroxyprogesterone acetate (MPA) and FGF. Cells stimulated with MPA plus FGF incorporated significantly more (p=0.01) [ 3 H] thymidine than cells treated with FGF alone. Flow cytometric analysis of stimulated cells showed FGF alone and MPA plus FGF increased significantly (p=0.002) the percentage of cells in S phase at 12 h (Figure 2, 36) . Interestingly, while both FGF alone and MPA plus FGF increased bromodeoxyuridine (BrdU) incorporation into stromal cell nuclei at 18 and 24 h, MPA plus FGF increased (p=0.001) the number of cells entering S phase at 24 h compared with FGF alone (Figure 2 ). When we inhibited stromal cells from re-entering G1 by blocking mitosis with nocodazole, MPA plus FGF accelerated entry into S phase compared with FGF alone (36) .
Stromal cells cultured with MPA plus FGF showed increased (p <0.01) cyclin D1 mRNA at 9, 12 and 15 h. Addition of RU 486 to cells stimulated with these agents for 9 h reduced cyclin D1 mRNA by 40%. Western blot analysis of cyclin D1 immunoprecipitates indicated complex formation with both Cdk4 and Cdk6. Cyclin D1-Cdk complexes, and kinase activity as measured by the phosphorylation of pRb, correlated temporally with increased cyclin D1 expression in cells cultured with both MPA plus FGF. The results from this study indicate that progesterone-FGF interactions increase cyclin D1 expression in uterine stromal cells, correlating with accelerated stromal cell entry into S phase compared with cells treated with FGF alone.
Most importantly, progesterone plus FGF sustains the timing of stimulation for transit of uterine stromal cells through G1 into S phase compared with FGF alone (Figure 2 ).
PROGESTERONE AND STROMAL CELL DIFFERENTIATION (DECIDUALIZATION)
Labeling of stromal cells in vivo results in the appearance of 3 H thymidine in decidual cells without positional restriction (26) conclusively demonstrating that the stromal cells are the progenitors of decidual cells. The differentiation of uterine stromal cells involves a distinct spatial and temporal sequence in vivo since stromal cells in the anti-mesometrial region of the endometrium differentiate initially followed by those cells located in the periluminal stroma. As differentiation proceeds there are distinctions in gene expression between decidual cells from the mesometrial and anti-mesometrial regions (65) . However, when uterine stromal cells are cultured, expression of those differential markers are lost suggesting that there are positional effects exerted on decidual (stromal) cells in vivo that are not maintained in culture (65) . We suggest that continued proliferation of stromal cells in culture (34) (35) (36) , accompanied by the loss of differentiated gene expression (65) , is consistent with the idea that decidual cells dedifferentiate in vitro. These stromal cell lines therefore provide an excellent model system for dissecting the role of sex hormones not only on cell proliferation but also the mechanisms involved in cellular differentiation.
Cell Cycle Exit
Cellular differentiation involves exit from the cell cycle followed by changes in gene expression resulting in specialized cell function. Central to the differentiation cascade in uterine stromal cells is the process of endoduplication which involves the uncoupling of DNA replication from mitosis. Decidual nuclei are polyploid as the chromosomes fail to separate at metaphase and increased ploidy from 4 to 32 n is reported (66) . While endomitosis is not common in mammalian cells, it occurs in trophoblast cells (67, 68) and in bone marrow megakaryocytes during terminal differentiation (69,70). The available evidence indicates that control of the uncoupling process may be cell-type dependent and can involve cyclin E-Cdk (68,69), cyclin A-Cdk (69) and MPF (70) . The available evidence thus suggests that changes in cell cycle regulators, particularly during G1 phase of the cell cycle, are necessary in order for cellular differentiation to occur.
The Differentiation Pathway
Of the several proteins that have been proposed as markers of decidualization, decidual/trophoblast prolactin related protein (d/t PRP) seems particularly suitable as a differentiation marker. While d/t PRP expression is not unique to decidual cells, the protein is not expressed in stromal cells (71) . Furthermore, d/tPRP transcripts cannot be detected using RT-PCR in uterine stromal cell lines (71) including those isolated and characterized in our laboratory (34) . We have obtained preliminary evidence, however, that d/t PRP expression can be stimulated in these same uterine stromal cell lines (72) by agents that are associated with decidualization in vivo (73) (74) (75) (76) (77) (78) (79) . Prostaglandins have been implicated in the process of implantation because decidualization is considered to be analogous to a proinflammatory response (73) (74) (75) . Cyclooxygenase (Cox) is the rate-limiting enzyme in the biosynthesis of prostaglandins. Mice lacking COX-2 by targeted mutagenesis cannot undergo a decidual cell reaction (74, 75) . Intraluminal instillation of cholera toxin partially restored the decidual response in COX-2 null mice (74) . Subsequent experiments (75) suggested that the endogenous ligand for the decidual response is prostacyclin (PGI2) that stimulates early decidual events after binding to peroxisome proliferator-activator receptors (PPARs). While the endogenous prostaglandin that promotes decidualization in rats has not been identified, in hormonally primed rats, cholera toxin induces decidualization by stimulating COX-2 expression and perhaps by increasing the levels of cyclic AMP. Interleukin-11(IL-11) is a cytokine that has a spectrum of different functions in various cell types (76) . Mice lacking the IL-11 receptor alpha (IL-11R∀) are infertile because the uterine stroma does not undergo decidualization (77, 78) . Temporal analysis of IL-11 expression revealed maximal expression at the time of decidualization in both mice and rats (79) . IL-11 and IL-11R∀ transcripts were present in the developing decidual cells as shown by in situ hybridization. Together, these results provide strong evidence for cholera toxin (prostaglandins) and IL-11 as two candidate regulators of stromal cell differentiation (decidualization).
Molecular Mechanisms
To explore this possibility further, we reasoned that if cholera toxin and IL-11 are involved in stromal cell differentiation then we would expect increased expression of d/tPRP in cells treated with these two agents since d/tPRP is a cell-specific differentiation product. To test this proposal, the d/tPRP-luc construct was transiently transfected into uterine stromal cells using a liposomemediated delivery system. Cells (1 x 10 5 ) were plated in 35 mm-culture dishes and transfected with 2 Φg d/tPRP-luc, RSV-luc (positive control) or pGL-2 basic vector (negative control). RSV-∃-GAL (0.5 Φg) was co-transfected with all constructs and used to correct for transfection efficiency. The results shown in Figure 3 indicate that the two Figure 3 . Cholera toxin (CT) and interleukin-11 (IL-11) activate the d/tPRP promoter. Rat uterine stromal cells were transfected with the d/tPRP promoter ligated to a luciferase reporter gene as described in detail elsewhere (72) . Transfected cells were cultured in low-serum medium containing progesterone (1 micromolar). Agents (CT, 10 ng/ml) and IL-11 (10 ng/ml), reported to promote decidualization in vivo, activated the d/tPRP promoter, a marker of differentiated stromal cells. Data are mean differences +/-SEM from triplicate samples and are representative of three independent assays. P < 0.05 compared to the PGL-2 control, Mann Whitney U test. Estrogen action in vivo is necessary to upregulate PR (34, 80) and perhaps growth factors and/or their receptors (34) . Progesterone plus FGF increase cyclin D1 expression which correlates temporally with cyclin D1-Cdk complex formation and activation. Stromal cell entry into S phase is accelerated by progesterone and the hormone sustains the timing of stimulation through G1 into S phase. We postulate that this sustainment provides the "window of opportunity" for cells to exit the cell cycle and if exposed to additional agents, such as interleukin-11 and cholera toxin (prostaglandins), enter into the differentiation pathway.
candidate agents (cholera toxin, IL-11), that have been shown to stimulate decidualization in vivo (73) (74) (75) (76) (77) (78) (79) , activate the d/tPRP promoter in vitro. The regulation of key steps involved in the differentiation of uterine stromal cells in vivo, using cultured endocrine-dependent stromal cells as we show here, provides an important and unique opportunity to tease out the signal transduction pathways involved in cellular differentiation. Moreover, it may be possible using this system to delineate the process of differentiation of these cells in the context of cell cycle regulation and the unique and important role for sex steroids in this process.
PERSPECTIVES
The mammalian uterus is a complex tissue comprised of different cell types and an abundance of extracellular matrix proteins that undergo cyclical changes (61) . Cell-cell interactions between heterologous cell types (80,81) cannot be studied in isolated stromal cells. However, signal transduction mechanisms cannot be readily studied in vivo. Therefore, we have used a multifaceted approach to understand the action of progesterone on cell proliferation and differentiation in the mammalian endometrium. While such an approach may not reflect all of the complex cell-cell, cell-extracellular matrix interactions, our data suggest that a well characterized stromal cell culture system does provide a valid model to study the molecular mechanisms invovled in steroid action that regulate uterine stromal cell proliferation and differentiation. Isolated rat uterine stromal cells express both ER and PR. Moreover, the control of proliferation by progesterone is consistent with the pattern of regulation of stromal cell proliferation in vivo.
Teasing out the molecular mechanisms underlying progesterone action has lead to a novel hypothesis currently being investigated in our laboratory (Figure 4) . We propose that progesterone, acting through the PR, helps to establish a G1 phase from which differentiation can occur. This hypothesis is consistent with our data showing a sustainment in the transit of stromal cells through G1 into S phase only in the presence of progesterone. We postulate that progesteronedependent alterations in key cell cycle regulators permit cells to exit the proliferative cycle, and if exposed to the appropriate agents, enter into the differentiation pathway. Testing of this hypothesis will provide important new insight about the mechanism of progesterone action in target cells and increase our knowledge of the molecular mechanisms underlying mammalian reproduction and pregnancy.
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